Glucocorticoids are a general class of steroids that possess renoprotective activity in glomeruli through their interaction with the glucocorticoid receptor. However, the mechanisms by which glucocorticoids ameliorate proteinuria and glomerular disease are not well understood. In this study, we demonstrated that ␣ actinin 4 (ACTN4), an actin-cross-linking protein known to coordinate cytoskeletal organization, interacts with the glucocorticoid receptor (GR) in the nucleus of human podocytes (HPCs), a key cell type in the glomerulus critical for kidney filtration function. The GR-ACTN4 complex enhances glucocorticoid response element (GRE)-driven reporter activity. Stable knockdown of ACTN4 by shRNA in HPCs significantly reduces dexamethasone-mediated induction of GR target genes and GRE-driven reporter activity without disrupting dexamethasone-induced nuclear translocation of GR. Synonymous mutations or protein expression losses in ACTN4 are associated with kidney diseases, including focal segmental glomerulosclerosis, characterized by proteinuria and podocyte injury. We found that focal segmental glomerulosclerosis-linked ACTN4 mutants lose their ability to bind liganded GR and support GRE-mediated transcriptional activity. Mechanistically, GR and ACTN4 interact in the nucleus of HPCs. Furthermore, disruption of the LXXLL nuclear receptor-interacting motif present in ACTN4 results in reduced GR interaction and dexamethasone-mediated transactivation of a GRE reporter while still maintaining its actin-binding activity. In contrast, an ACTN4 isoform, ACTN4 (Iso), that loses its actin-binding domain is still capable of potentiating a GRE reporter. Dexamethasone induces the recruitment of ACTN4 and GR to putative GREs in dexamethasone-transactivated promoters, SERPINE1,  ANGPLT4, CCL20, and SAA1 as well as the NF-B (p65) binding sites on GR-transrepressed promoters such as IL-1␤, IL-6, and IL-8. Taken together, our data establish ACTN4 as a transcriptional co-regulator that modulates both dexamethasone-transactivated and -transrepressed genes in podocytes.
It has been a longstanding clinical practice to use ligands for nuclear hormone receptors (NRs), 2 including steroids, to treat kidney diseases despite the lack of a clear understanding of their mechanisms of action in this tissue. Recent studies in multiple experimental models have begun to explore the direct and indirect effects of NRs in renal cells to better utilize NR ligands as therapeutic agents for glomerular diseases such as minimalchange disease (MCD) and focal segmental glomerulosclerosis (FSGS) (1, 2) . Glucocorticoids (GCs) as a general class of steroids possess renoprotective activity in glomeruli (3) (4) (5) (6) (7) ; however, steroid resistance and systemic toxicity remain major issues for their long-term use (4) . This is, in part, due to a lack of understanding of the mechanism underlying transcriptional regulation by the glucocorticoid receptor (GR␣) in podocytes, a key cell type in the glomerulus that forms the filtration barrier.
Glucocorticoids regulate a wide variety of physiological processes (8, 9) . Both natural and synthetic GCs have shown to exert anti-inflammatory actions mediated by the glucocorticoid receptor, a member of the NR superfamily that functions as transcription factor and regulates gene expression in a cell type-specific and context-dependent manner (10, 11) . In the absence of GCs, GR is sequestered by heat shock protein chaperones in the cytoplasm (12) . When GCs are present, they bind to GR, allowing GR to dissociate from its chaperone proteins and translocate to the nucleus. Ligand-bound GR binds glucocorticoid response elements (GREs) or negative GREs and positively or negatively regulate target gene expression (13) . Additionally, ligand-bound GR can repress transcription through interactions with other transcriptional regulators, such as NF-B, a mechanism termed transrepression. The synthetic GC dexamethasone binds to GR and regulates its target gene expression in human podocytes (HPCs). Recent evidence showed that dexamethasone target genes affect the morphological and cytoskeletal response of podocytes (14 -16) . Dexamethasone can also relieve the podocyte apoptosis induced by puromycin aminonucleoside treatment (17) and down-regulate cytokines and VEGF expression in podocytes (15) . These tran-srepressive effects have been proposed to explain why GCs are effective for the treatment of nephrotic syndrome. However, more research needs to be done to elucidate the mechanism mediated by dexamethasone, especially the potential side effects of dexamethasone on podocytes.
The actinin (ACTN) family proteins contain four members that bind filamentous actin and maintain cytoskeletal architecture (18) . Multiple mutations in ACTN4 have been linked to FSGS (19, 20) . Additionally, ACTN4 deficiency is also found in multiple human primary glomerulopathies, including sporadic FSGS, MCD, and IgA nephropathy (21) (22) (23) (24) . However, the molecular mechanisms by which ACTN4 maintains podocytes homeostasis and its biochemical activities remain largely unknown.
We have shown previously that ACTN4 potentiates transcriptional activation by MEF2 (25, 26) , NF-B (27, 28) , and NRs (29 -31) . The newly identified nuclear function of ACTN4, its link to FSGS and MCD, and the beneficial effects of GCs on FSGS and MCD prompted us to investigate the role of ACTN4 in GC-mediated transcriptional regulation in podocytes and the effects of FSGS-linked ACTN4 mutations on GR transactivation activity. Our data define the novel function of ACTN4 as a co-activator that regulates GR-mediated transactivation in human podocytes. Furthermore, our study reveals a unique feature of ACTN4 in GR-mediated transrepression.
Results

Expression of GR␣ in Immortalized HPCs and Primary
Mouse Podocytes-We have demonstrated previously that ACTN4 can reside in both the nucleus and the cytoplasm (29) . To begin to investigate the role of ACTN4 in GR-mediated transcriptional regulation in HPCs, we first examined the expression and subcellular distribution of GR␣ in immortalized HPCs by immunofluorescence microscopy. In untreated HPCs, a large fraction of GR␣ is primarily localized in the cytoplasm. However, dexamethasone, a potent GR␣ agonist, induced nuclear translocation of GR␣ ( Fig. 1) .
ACTN4 Potentiates and Interacts with GR␣ in a Ligand-dependent Manner-We have previously demonstrated that ACTN4 is a transcriptional coactivator for several transcription factors, including NRs (31) . To test whether GR and ACTN4 interact in kidney cells, we carried out immunoprecipitation to examine whether endogenous GR and ACTN4 interact in HEK293T cells. In the absence of a GR agonist, ␣-ACTN4 and GR␣ did not interact; however, with the addition of dexamethasone, ␣-ACNT4 and GR co-immunoprecipitated ( Fig. 2A ). We also verified the association between ACTN4 and GR by GST pulldown assay ( Fig. 2B ). We then asked whether ACTN4 is also involved in GR-mediated transcriptional regulation. Overexpression of ACTN4 potentiates GRE reporter activity in a dose-dependent manner (Fig. 2C ). In cultured human podocytes ( Fig. 2D ) and isolated mouse glomeruli ( Fig. 2E) , we similarly demonstrated that endogenous ACTN4 co-immunoprecipitated with GR. To further determine the role of ACTN4 in GR-mediated transcriptional activity, we carried out a transient transfection reporter assay in HPCs using a reporter construct harboring a GRE. We examined the role of ACTN4 in GR-mediated transcriptional regulation in a control HPC line and a previously established ACTN4 knockdown HPC cell line (shACTN4). We found that both the addition of dexamethasone and exogenously expressed GR increased reporter activity and that knockdown of ACTN4 significantly reduced GR-and dexamethasone-induced GRE activity ( Fig. 2F ). Based on these results, we conclude that ACTN4 potentiates dexamethasonemediated GRE-driven reporter activity through its interaction with GR.
ACTN4 was originally identified as an HDAC7-interacting protein (25) . We therefore determined whether HDAC7 is required for ACTN4-mediated GR activity. Indeed, knockdown of HDAC7 decreased GRE-driven reporter activity with or without dexamethasone treatment ( Fig. 2G ). Furthermore, an ACTN4 mutant defective in interacting with HDAC7 (25) also lost its ability to potentiate GRE reporter activity ( Fig. 2H ). Based on these data, we conclude that HDAC7 regulates GR transactivation activity.
Mapping of the Interaction Domains between ACTN4 and GR-To understand the molecular basis of the interaction between ACTN4 and GR, we mapped the interaction domains by GST pulldown assays with several ACTN4 constructs. ACTN4 (Iso) is a spliced isoform that is missing amino acids FIGURE 1. The effect of dexamethasone on nuclear translocation of GR␣ in podocytes. HPCs were transfected with either siCtrl or siGR␣. Forty-eight hours post-transfection, cells were treated with or without 100 nM of dexamethasone (Dex) for 2 days. The cells were cultured for a total of 5 days, followed by immunostaining with anti-GR␣ or anti-synaptopodin antibodies and indirect fluorescence microscopy. tion mutant ACTN4 (Iso, 2-102) contains an intact LXXLL nuclear receptor-interacting domain and part of the calponin homology 1 domain, whereas ACTN4 (95-521) contains the remaining C terminus of the ACTN4 isoform that includes part of Spectrin repeat (SR) 2, SR3, SR4, and the calmodulin-like domain (Fig. 3A) . Immobilized, purified GST-ACTN4 fulllength (32), ACTN4 (Iso), and truncated ACTN4 (Iso) mutants were incubated with whole cell lysate expressing HA-GR, fol- A, HEK293T cells were treated with (ϩ) or without (Ϫ) dexamethasone (Dex, 100 nM) for 8 h. Whole cell extracts were prepared and immunoprecipitated (IP) with anti-GR antibodies. Proteins were detected by Western blotting (WB) using anti-ACTN4 and anti-GR␣ antibodies as indicated. B, HeLa cells were transfected with an HA-GR␣ expression plasmid, and lysates were prepared and incubated with immobilized, bacterially expressed GST-ACTN4 fusion protein in the presence of dexamethasone. Pulldown fractions were subjected to Western blotting with HA antibodies. C, HEK293T cells were cotransfected with a GRE-luciferase reporter plasmid and HA-ACTN4 expression plasmid. The cells were then treated with dexamethasone for 12 h, and luciferase activity was measured. D, HPC whole cell extracts were prepared and immunoprecipitated with anti-ACTN4 antibodies and anti-HA antibodies as a control. Proteins were detected by Western blotting using anti-ACTN4 and anti-GR (arrowhead) antibodies as indicated. E, mouse glomerular extracts were prepared and immunoprecipitated with anti-GR or anti-HA antibodies, followed by Western blotting with anti-ACTN4 or GR antibodies. F, ACTN4 was stably knocked down by shRNAs in HPCs. shCtrl was used for comparison. A GRE-luciferase reporter plasmid and an HA-GR expression plasmid were transfected into shCtrl and shACTN4 HPCs, treated with vehicle (Veh) or dex-amethasone for 12 h, and the reporter activity was analyzed. G, HDAC7 was stably knocked down by shRNAs in HPCs. shCtrl was used for comparison. A GRE-luciferase reporter plasmid and an HA-GR expression plasmid were transfected into shCtrl and shHDAC7 HPCs and treated with Veh or dexamethasone for 12 h, and the reporter activity was analyzed. H, HPCs were transiently transfected with ACTN4 (32), ACTN4 (FL, ⌬831-869), ACTN4 (Iso), or ACTN4 (Iso, ⌬441-479) and a GRE-Luciferase reporter plasmid and treated with or without dexamethasone, and reporter activity was measured. ***, p Ͻ 0.001; n.s., not significant. lowed by Western blotting with anti-HA antibodies. We found that amino acids 2-102 are sufficient to bind GR. However, the C terminus did not interact with GR. We further mapped the ACTN4 interaction domain in GR (Fig. 3B ). The N terminus (1-419) of GR contains the transcription activation function 1 domain and interacts with ACTN4 in a dexamethasone-independent manner. The C terminus (488 -777) contains the ligand-binding domain and interacts poorly with ACTN4. However, this interaction is enhanced by dexamethasone.
The Role of Actin-binding in ACTN4-mediated Transcriptional Regulation of GRE Reporter-We have previously identified an ACTN4 spliced isoform (called Iso) that is missing most of the actin-binding domain (31) . We found that this isoform is still capable of potentiating GRE reporter activity ( Fig. 4A ) and capable of binding GR in vitro (Fig. 3A) . The ability of NR coactivators to potentiate NR transcriptional activity depends on the NR-interacting motif LXXLL, which is commonly present in NR co-activators that include ACTN4, the histone acetyltransferases CREB-binding protein/p300, p300/CBP-associated factor, and the p160 family coactivator members (29) . An ACTN4 mutant (LXXAA) failed to potentiate GR␣ reporter activity ( Fig. 4B) and was unable to interact with GR ( Fig. 4C ). However, this mutant was still capable of interacting and potentiating NF-B transcriptional activity (27) . Furthermore, this mutant binds F-actin filaments comparably to the wildtype protein (Fig. 4D ). Collectively, these data indicate that the inability of ACTN4 (LXXAA) to potentiate NR transcriptional activity is independent of its actin binding activity and that the actin-binding domain is dispensable for potentiating GRE reporter activity FSGS-linked ACTN4 Mutants Failed to Activate Transcription Mediated by GR-We next determined whether the known FSGS-linked ACTN4 mutations K255E, S258P, and T262I affect the ability of ACTN4 to potentiate GR-mediated transactivation ( Fig. 5A ). We found that FSGS-linked ACTN4 mutants significantly reduced GRE reporter activity (Fig. 5A , lanes [3] [4] [5] , and the reduction of GRE activities was also observed in GR-overexpressing cells (Fig. 5A, lanes 8 -10) . This would suggest that the FSGS-linked mutations are functional. Additionally, FSGS-linked ACTN4 failed to bind GR, as demonstrated by GST pulldown assays (Fig. 5B, lanes 3-5) . In sum, the above data would suggest that FSGS-linked ACTN4 mutants have functionally lost their ability to potentiate dexamethasone-mediated transcriptional activation.
Knockdown of ACTN4 Has Little or No Effect on Dexamethasone-mediated Nuclear Translocation of GR-Because both
ACTN4 and GR localize in the nucleus and cytoplasm, our observation that loss of ACTN4 reduces GRE-mediated reporter activity raises the possibility that ACTN4 plays a role in dexamethasone-induced nuclear translocation of GR. To test this possibility, we determined whether knockdown of ACTN4 affects dexamethasone-induced nuclear translocation of GR. Control and ACTN4 knockdown HPCs were treated with or . The effect of the ACTN4 LXXAA mutation on potentiating GRmediated transcriptional activity. A and B, expression plasmids for ACTN4 (WT), ACTN4 (Iso) (A), or an ACTN4 mutant (LXXAA) (B) were co-transfected with a GR expression plasmid and GRE-luciferase reporter plasmid in HEK293T cells, followed by treatment with Veh or dexamethasone (Dex) for 12 h, and the reporter activity was analyzed. C, HeLa cells were transfected with an HA-GR expression plasmid, and lysates were prepared and incubated with bacterially expressed GST-ACTN4 (WT) or GST-ACTN4 (LXXAA) fusion proteins in the absence or presence of dexamethasone (100 nM). Pulldown fractions were subjected to Western blotting with HA antibodies. D, the LXXAA mutation does not affect ACTN4 F-actin filament binding activity. Recombinant GST, GST-ACTN4 (WT), and GST-ACTN4 (LXXAA) were purified and subjected to F-actin co-sedimentation assays. S, soluble fraction; P, pellet fraction. Note that the differences of GST-ACTN4 in the pellet fractions between lanes 2 and 4 and lanes 6 and 8 are similar.
FIGURE 5. The effect of FSGS-linked ACTN4 on GR-mediated transcriptional activation.
A, a GRE-containing reporter construct was co-transfected with or without plasmids expressing GR and ACTN4 (WT) or FSGS-linked ACTN4 mutants along with ␤-gal as indicated. The cells were treated with or without 100 nM dexamethasone (Dex) overnight. Luciferase activity was measured and normalized to ␤-gal activity. The expression of GR, HA-ACTN4 wildtype, and variants is shown. B, lysates were incubated with immobilized bacterially expressed GST-ACTN4 (WT) and GST-ACTN4 (FSGS-linked mutants) fusion proteins in the presence of the 100 nM dexamethasone. Pulldown fractions were subjected to immunoblotting with anti-HA antibodies. **, p Ͻ 0.01; ***, p Ͻ 0.001. without dexamethasone, followed by immunofluorescence microscopy and subcellular fractionation. Dexamethasone induced endogenous GR nuclear translocation in HPCs, which was confirmed by cell fractionation (Fig. 6A ). Subcellular fractionation of HPCs further indicated that knockdown of ACTN4 had little or no effect on dexamethasoneinduced nuclear translocation of GR ( Fig. 6B) . Additionally, immunofluorescence microscopy demonstrated that GR was capable of translocating to the nucleus in ACTN4 knockdown HPCs (Fig. 6C ). Taken together, our data suggest that the loss of ACTN4 impairs dexamethasone-mediated transactivation by GR without affecting dexamethasone-induced GR nuclear translocation.
ACTN4 and GR Interact Exclusively in the Nucleus of HPCs-To further investigate the mechanism underlying ACTN4mediated activation of GR, we determined in which cellular compartment the GR:ACTN4 interaction takes place. We addressed this issue by performing coimmunoprecipitation with nuclear or cytoplasmic extracts prepared from HPCs (Fig.  7A ). We demonstrated that endogenous ACTN4 and GR interact in the nucleus but not the cytoplasm. We further demonstrated that immobilized, purified GST-ACTN4 was capable of pulling down nuclear HA-GR in vitro (Fig. 7B) . In contrast, no interaction was observed when cytoplasmic extracts were used for a pulldown assay. Thus, we conclude that endogenous ACTN4 and GR interact in the nucleus but not in the cytoplasm. The current model for the mechanism of GR activation proposes that cytoplasmic GR is sequestered by HSP70/HSP90 (33) . To investigate the role of HSP90 on GR translocation in HPCs, we carried out cell fractionation to examine the endogenous GR localization following knockdown of HSP90. Interestingly, the abundance of cytoplasmic GR in HSP90 knockdown HPCs was also reduced (Fig. 8A) . We also carried out endogenous immunoprecipitation to examine the interaction between GR and ACTN4. We found that knockdown of HSP90 enhanced the association between cytoplasmic GR and ACTN4 (Fig. 8B ).
ACTN4 Is Recruited to the Promoters of GR-transactivated
Genes-We have previously carried out microarray gene expression studies in HPCs and identified several dexamethasone target genes (14) . We further validated several dexamethasone target genes by quantitative RT-PCR. Taking advantage of the ENCODE database, we found that the dexamethasone-inducible gene promoters Serpin family E member 1 (SERPINE1), angiopoietin-like 4 (ANGPTL4), chemokine (C-C motif) ligand 20 (CCL20), and serum amyloid A1 (SAA1) promoters contain one putative GR binding site (Fig. 9A) . These GR binding sites are next to a histone 3 lysine 27 acetyl mark that is often found in active regulatory elements. We next asked whether dexamethasone promotes the recruitment of GR to these putative GR target sites using ChIP assays. Our data indicated that, in response to dexamethasone, both GR and ACTN4 recruitment was increased on the putative GR binding sites in the promoters of SERPINE1 (Fig. 9B) , ANGPTL4 (Fig. 9C) , CCL20 (Fig. 9D) , and SAA1 (Fig. 9E) .
To determine the role of ACTN4 in mediating transactivation of these GR target genes, control and ACTN4 knockdown HPCs were treated with or without dexamethasone, and their mRNA expression was assessed by RT-PCR. We found that knocking down ACTN4 significantly decreased mRNA levels of SERPINE1, ANGPTL4, and DCN (Fig. 9F ). However, SAA1 and CCL20 expression was slightly increased in ACTN4 knockdown HPCs. These results indicate that GR-transactivated genes are not all co-activated by ACTN4. In the absence of dexamethasone, loss of ACTN4 reduced the association of ACTN4 with the promoters of SERPINE1, ANGPTL4, SAA1, and CCL20 without significantly affecting GR occupancy on these promoters ( Fig. 9, G-J) . Interestingly, in the presence of dexamethasone, loss of ACTN4 reduced both the recruitment of ACTN4 and GR to GR binding sites. This observation suggests that GR binding to these promoters may partly depend on ACTN4 in dexamethasone-treated HPCs.
ACTN4 Plays a Role in GR-transrepressed Genes in a Promoter Context-dependent Manner-It has been established experimentally that transrepression accounts for the majority of the anti-inflammatory properties of GCs. We have demonstrated previously that dexamethasone treatment represses the expression of NF-B target genes such as IL-1␤, IL-6, and IL-8 in HPCs. The current transrepression model suggests that dexamethasone induces the association of GR with NF-B and histone deacetylases (HDACs) to transrepress NF-B target genes (27) . The ENCODE database indicates that there is one NF-B binding site (NRE) is present in the promoters of IL-1␤ and IL-6 but none in the IL-8 promoter (Fig. 10A, light gray squares) , although we have previously mapped NF-B sites in IL-1␤, IL-6, and IL-8 promoters, according to a published database (34) (Fig. 10A, dark gray squares) . Additionally, a putative GR site (GRE) was mapped. With this information, we carried out ChIP assays and examined the association of ACTN4, GR, and NF-B on these NF-B-inducible promoters in response to dexamethasone treatment. Our data indicate that dexamethasone promotes the recruitment of GR to both putative NF-B binding sites in the promoter of IL-1␤ (Fig. 10B) . Similarly, dexamethasone promotes the recruitment of GR to both NF-B binding sites on the IL-6 promoter (Fig. 10C ), although to a lesser extent. Furthermore, dexamethasone promotes the recruit-ment of GR to the GRE on the IL-8 promoter, as mapped by the ENCODE project (Fig. 10D ). However, dexamethasone had no or very little effect on GR recruitment to the previously mapped NRE in the IL-8 promoter (Fig. 10D, right) . Increased association of ACTN4 with the NF-B sites was also detected in all but this site. Indeed, dexamethasone treatment reduced the association of ACTN4 with the GRE in the IL-8 promoter (ϳ 50%) (Fig. 10D, left) . Last, dexamethasone treatment did not affect the association of p65 with the ENCODE-mapped NRE or GR binding sites (GRE). In fact, dexamethasone treatment resulted in reduced association of p65 with previously mapped NREs in IL-1␤, IL-6, and IL-8 promoters.
Knockdown of ACTN4 reduced expression of IL-1␤, IL-6, IL-8, and MCP-1 in HPCs in the absence of dexamethasone (Fig. 10E ). ACTN4 knockdown further reduced dexamethasone-mediated repression of IL-6 and MCP-1 but had no effect on IL-8 expression (Fig. 10E, lanes 9 and 10) . Interestingly, ACTN4 knockdown HPCs resulted in reduced association of GR and p65 with the NF-B sites (NRE, dark gray square, Fig.  10A ) on the IL-1␤, IL-6, and IL-8 promoters (Fig. 10, F and G) .
In the absence of dexamethasone, knockdown of ACTN4 reduced the expression of NF-B target genes, although to varying degrees. This is consistent with our previous findings that ACTN4 is a NF-B co-activator (27) . Furthermore, loss of ACTN4 also reduced the association of GR with the NF-B sites on IL-1␤, IL-6, and IL-8 promoters (Fig. 10, F, lane 3, and G) and significantly blocked the recruitment of p65 (Ͼ90%) to the IL-8 promoter (Fig. 10H, lane 2) . Thus, the reduced expression of IL-8 in ACTN4 knockdown HPCs could potentially be due to the loss of p65 binding on this promoter. However, although knockdown of ACTN4 reduced the recruitment of p65 (Ͼ90%) to the putative GRE site of the IL-8 promoter (Fig. 10H, lane 5) , only a 60% decrease in IL-8 mRNA levels was observed. These results suggest that other transcription factors also play a role in controlling IL-8 expression. Unlike the IL-8 promoter, much more potent dexamethasone-mediated transrepression activity was observed in IL-1␤ expression, and this correlated with significant recruitment of GR to both NREs in the IL-1␤ promoter ( Fig 10B) .
Discussion
Our observations suggest a regulatory mechanism of ligandinduced nuclear translocation of GR and dexamethasone-mediated transcriptional regulation that is similarly to that described previously in other tissues. First, dexamethasone induces dissociation of cytoplasmic GR from HSP90, thus promoting nuclear translocation of GR in HPCs. Furthermore, dexamethasone possesses both transactivation and transrepression activity of GR target genes in HPCs (Fig. 11) .
The observations that both GR and ACTN4 localize in both the nucleus and cytoplasm raised several intriguing questions: in which subcellular compartments do GR and ACTN4 interact, does ACTN4 modulate ligand-dependent nuclear translocation of GR, and does the actin-binding activity of ACTN4 play a role in regulating GR transcription activity? Our results indicated that GR and ACTN4 only interact in the nucleus. This is in part due to sequestering of GR by HSP90 and dexamethasone-inducible nuclear translocation of GR. Thus, loss of FIGURE 8 . The effect of knocking down HSP90 on the association between ACTN4 and GR␣. Knockdown of HSP90 enhances the association of cytoplasmic GR and ACTN4. A, HSP90 was stably knocked down by shRNAs in HPCs. Nuclear (N) and cytoplasmic (C) GR and HSP90 were detected by Western blotting with the indicated antibodies. S.E., shorter exposure; L.S., longer exposure. B, shCtrl and HSP90 knockdown (shHSP90) HPCs were grown and harvested, and nuclear and cytoplasmic extracts were prepared. Cytoplasmic extracts were used for immunoprecipitation (IP) with anti-GR antibodies, and the immunoprecipitates were subjected to Western blotting with the indicated antibodies. Arrowhead, ACTN4 band.
ACTN4 had little effect on dexamethasone-induced nuclear translocation of GR. Furthermore, we found that the actin binding-deficient ACTN4 isoform, ACTN4 (Iso), still potently activates GR transcriptional activity and that the ACTN4 mutant, LXXLL, although it is capable of binding actin filaments, failed to activate a GRE-driven reporter. Based on these observations, we conclude that the ability of ACTN4 to co-activate GR transcription activity is independent of its actin-binding activity.
Dexamethasone induces the expression of GR target genes through positive GREs or composite binding motifs (13) . We have demonstrated previously that dexamethasone induces the expression of SERPINE1, ANGPLT4, CCL20, and SAA1 in HPCs (14) . In this report, we showed that dexamethasone promotes the recruitment of GR to the promoters of these dexamethasone-transactivated genes. Furthermore, knockdown of ACTN4 blocked dexamethasone-induced expression of SERPINE1, ANGPTL4, and SAA1 and slightly increased CCL20 mRNA (Fig. 10 ). ChIP assays validated the enhanced recruitment of ACTN4 to these GR-targeted regions in response to dexamethasone, consistent with the observation that dexamethasone enhances the association of ACTN4 with GR. However, loss of ACTN4 did not significantly reduce the association of GR with its targeted promoters, indicating that the recruitment of GR to these promoters does not rely on the association of ACTN4 with these promoters. Together, these data support a model in which dexamethasone-bound GR␣ recruits ACTN4 to GR␣-targeted promoters to potentiate transcription.
Although commonly used for its ability to suppress inflammation, dexamethasone also solicits unwanted side effects (35) . SERPINE1 encodes plasminogen activator inhibitor 1 (PAI-1), which is present in trace amounts in healthy kidneys but increased in a wide variety of both acute and chronically diseased kidneys. Reduced PAI-1 activity has been shown to be protective for the development of albuminuria and glomerulosclerosis in experimental diabetes (36) . Moreover, CCL20 is upregulated in patients with progressive IgA nephropathy (32) . Podocyte-specific overexpression of ANGPTL4 mediates proteinuria in glucocorticoid-sensitive nephrotic syndrome in animal models (37) . Thus, it is possible that the ability of dexamethasone to induce SERPINE1, ANGPTL4, and CCL20 expression accounts for some of its adverse effects. SAA1 is induced by dexamethasone in other tissues (38) , and its expression is associated with kidney diseases (39) . However, although SAA1-containing amyloid fibers interfere with kidney filtration, leading to kidney failure, the exact function of SAA1 in the kidney remains largely unknown. . The recruitment of ACTN4 and GR with GR transactivated promoters in HPCs. A, diagrams of mapped GREs and PCR primer sets in GRtransactivated genes. B-E, HPCs were treated with vehicle or dexamethasone (Dex) for 4 h, followed by ChIP assays with anti-ACTN4 and anti-GR antibodies. Immunoprecipitated (IP) chromatin was analyzed by qPCR using the primers flanking the mapped putative GR-binding sites (ENCODE) on the indicated promoters. F, control and ACTN4 knockdown HPCs were treated with vehicle or dexamethasone for 8 h prior to harvest. Total RNA was prepared, and quantitative RT-PCR analysis was conducted using gene-specific primers. G-J, HPCs stably expressing shCtrl or shACTN4 were treated with vehicle or dexamethasone for 4 h prior to harvest. The relative recruitment of ACTN4 and GR to SERPINE1 (4), ANGPTL4 (4), CCL20 (4), and SAA1 (17) promoters was determined by normalizing the PCR products from shACTN4 cells to that of shCtrl cells. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; N.S., not significant.
It has been well established that the beneficial anti-inflammatory effect of glucocorticoids is through the suppression of transcription factors, including the NF-B family of transcription factors. The observation that ACTN4 potentiates both NF-B (27) and GR transactivation activity prompted us to investigate the role of ACTN4 in dexamethasone-mediated transrepression activity. Indeed, dexamethasone enhanced the recruitment of GR to NF-B binding sites on the promoters for IL-1␤ and IL-6. Only the IL-8 promoter was an exception ( Fig.  9 ). Interestingly, dexamethasone also promoted the recruitment of ACTN4 to NF-B target sites on the IL-1␤ and IL-6 promoters but reduced the recruitment of GR (50%) to the GRE on the IL-8 promoter. Neither dexamethasone-mediated transrepression of IL-1␤ nor IL-6 required ACTN4, as knockdown of ACTN4 had little effect on the ability of dexamethasone to FIGURE 10 . The effects of dexamethasone on the recruitment of GR, ACTN4, and p65 to NF-B targeted promoters. A, diagrams of mapped NREs or putative GRE and PCR primer sets. Dark gray squares indicate p65 or GR binding sites on NF-B-inducible genes. Light gray squares indicate NF-B sites described in our previous paper (27) . B-D, HPCs were treated with vehicle or dexamethasone (Dex) for 4 h, followed by ChIP assays with anti-ACTN4, anti-GR, and anti-p65 antibodies. Immunoprecipitated (IP) chromatin was analyzed by qPCR using the primers (A, small arrows) flanking the putative p65-binding sites in the promoters of IL-1␤, IL-6, and IL-8. E, control and ACTN4 knockdown HPCs were treated with vehicle or dexamethasone for 8 h prior to harvest. Total RNA was extracted, and quantitative RT-PCR analysis was conducted using gene-specific primers. F-H, HPCs stably expressing shCtrl or shACTN4 were treated with vehicle or dexamethasone for 4 h prior to harvest. The relative recruitment of ACTN4, GR, and p65 to the promoters of IL-1␤, IL-6, and IL-8 was determined by normalizing the PCR products from shACTN4 cells to that of shCtrl cells. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; N.S., not significant. repress IL-1␤ or IL-6. In contrast, loss of ACTN4 dramatically reduces dexamethasone-mediated transrepression of IL-8 expression. These observations suggest that dexamethasonemediated transrepression is promoter-dependent.
In the absence of dexamethasone, knockdown of ACTN4 reduced the expression of NF-B target genes, although to varying degrees. This is reminiscent of our previous findings that ACTN4 is a NF-B co-activator (27) . Furthermore, loss of ACTN4 also reduced the association of GR with the NF-B sites on the IL-1␤, IL-6, and IL-8 promoters and significantly blocked the recruitment of p65 (Ͼ90%) to the IL-8 promoter. Thus, the reduced expression of IL-8 in ACTN4 knockdown HPCs could be due to loss of p65 binding to its promoter. However, although knockdown of ACTN4 reduced the recruitment of p65 (Ͼ90%) to Ϫ32 3 277 of the IL-8 promoter, only a 60% decrease in the IL-8 mRNA level was observed. These data suggest that other transcription factors also play an important role to control IL-8 expression. Unlike the IL-8 promoter, a much more potent dexamethasone-mediated transrepression activity was observed in IL-1␤ expression, and this correlates with significant recruitment of GR to both NREs in the IL-1␤ promoter.
The mechanism underlying the pathogenesis of ACTN4linked FSGS is not fully understood but is likely complex. Work by others has described cytoplasmic roles of ACTN4 mutants and cytoskeletal anomalies, and we have characterized an additional role involving transcriptional disturbances from its interaction with NRs. Thus, the FSGS-linked ACTN4 mutations may have both gain-of-function (enhanced actin-binding activity) and loss-of-function mutations (decreased transcription activity). Our continued work to characterize the NR-associated transcriptional loss-of-function activity is important considering the first-line treatment for FSGS are glucocorticoids. Future investigations to understand the pathogenesis of ACTN4-linked glomerulopathies and the possible renoprotective functions of glucocorticoid treatment could lead to better treatment options for FSGS patients. indicated antibodies. Lamin B and ␣-tubulin served as nuclear and cytoplasmic markers, respectively.
In Vitro Protein-Protein Interaction Assays-GST fusion proteins were expressed in the Escherichia coli DH5␣ strain, affinity-purified, and immobilized on glutathione-Sepharose 4B beads. Immobilized, purified GST and GST-ACTN4 fusion proteins were incubated with whole cell extracts expressing HA-GR, followed by extensive washes as described previously (29) . The pulldown fractions were subjected to Western blotting with HA antibodies. The immobilized GST and GST fusion proteins were visualized by Coomassie Brilliant Blue staining.
Coimmunoprecipitation-HPCs were treated with DMSO or dexamethasone (100 nM) and harvested, and whole cell lysates or nuclear extracts were prepared. Glomerular extracts were precleared with Protein A beads (RepliGen). Immunoprecipitation and Western blotting assays were carried out following our published protocol (29) .
Transient Transfection Reporter Assays-HEK293T or HPCs cells stably expressing shRNA against human ACTN4 (shACTN4) or control shRNA (shCtrl) were cultured in 24-well plates. Cells were cotransfected with a GRE-driven luciferase reporter and a Renilla luciferase control reporter construct using Lipofectamine 2000. To determine the effects of wildtype or mutant ACTN4 on GRE reporter activity, HEK293 cells were transiently transfected with the indicated ACTN4 expression plasmids. The cells were lysed in reporter lysis 5ϫ buffer 12 h after dexamethasone treatment and 48 h after transfection (Promega). The luciferases activity was determined using a Dual-Luciferase assay kit (Promega). Luciferase activity was normalized with that of Renilla luciferase. Each transfection was performed in triplicate.
RNA Isolation and qPCR-Total RNA was extracted using the RNeasy isolation kit (Qiagen) and reverse-transcribed using a reverse transcription kit (Bio-Rad) according to the instructions of the manufacturer. iQ SYBR Green PCR Supermix (Bio-Rad and Qiagen) and the CFX96 real-time PCR detection system (Bio-Rad) were used to quantify cDNAs according to the instructions of the manufacturer, and 18S rRNA was used for normalization. The relative mRNA expression was calculated by the 2 Ϫ(⌬⌬Ct) method. The PCR primers used in this study and their sequences were described previously (27) .
Actin-binding Assays-Actin binding protein spin-down assay biochem kits were obtained from Cytoskeleton and used following the instructions of the manufacturer. Both wild-type and LXXAA mutant GST-ACTN4 proteins were purified from E. coli. F-actin was polymerized and incubated with GST-ACTN4 proteins at room temperature. The mixture was incubated on ice and then centrifuged at 150,000 ϫ g for 1.5 h at 24°C. Both the supernatants and the pellets were subjected to 8% SDS-PAGE, followed by transfer to PVDF membranes. Proteins were visualized by Coomassie Blue staining or Western blotting.
ChIP Assays-ChIP assays were carried out as described previously (27) . Immunoprecipitation was performed using anti-ACTN4 and anti-p65 antibodies. The primer sequences for ChIP assays for GRE were as follows: SERPIN1, CTAG-GCTTTTTGGGTCACCCGGCATGG (forward) and CTAG-GCTTTTTGGGTCACCCGGCATGG (reverse); CCL20, GTA-TGCTCAACATCCTGT (forward) and AGAGCTGCT-TTACTCATT (reverse); ANGPTL4, AGCTGTCTGCCCT-GCAATGTACAAGTT (forward) and AGGATTCCTGGAG-CAGGGGTCCTAAGA (reverse); and SAA1, ACTTCACA-CCTTCCAGCAGCCCAGGTG (forward) and CTGCTG-GTTTCTTGGGAGCGAAGAAAA (reverse). The primer sequences for the ChIP assays for p65 and GR were as follows: IL-1␤ (Ϫ6069 3 Ϫ5680), GTGCTGTGTGAATTT (forward) and TCCAGCAACAAAGCT (reverse); IL-1␤ (Ϫ3513 Ϫ235), CTGTGTGTCTTCCACTTTGTCCC (forward) and TGCAT-TGTTTTCCTGACAATCG (reverse); IL-8 (Ϫ32 3 277), CTT-GTTTACCACAAG (forward) and ACATGTTACTAGTAT (reverse); IL-8 (Ϫ1381 3 Ϫ1200), CTTGTTTACCACAAG (forward) and ACATGTTACTAGTAT (reverse); IL-6 (Ϫ765 3 Ϫ410), ATGGAGATGAATCAC (forward) and GTTT-ACTCTTAACTG (reverse); IL-6 (Ϫ263 3 Ϫ107), ATG-GAGATGAATCAC (forward) and GTTTACTCTTAACTG (reverse).
Statistical Analysis-Data are expressed as the mean Ϯ S.D. Analyses were performed with Student's t test using GraphPad Prism6 software. A value of p Ͻ 0.05 was considered to be significant. p Ͻ 0.05, p Ͻ 0.01, and p Ͻ 0.001 are designated by *, **, and ***, respectively.
